The osteoclast (OCL), the primary cell responsible for bone resorption, is under control of several factors that regulate its formation and/or activation. These factors can be systemic, such as 1,25-(OH) 2 D 3 , calcitonin, and parathyroid hormone (PTH); or can be produced locally, such as IL-6 and RANK ligand (1), by cells in the bone microenvironment such as osteoblasts, stromal cells, and immune cells (1). Recently, we and others have demonstrated that the OCL secretes factors that enhance or inhibit OCL formation and/or activation. IL-6 was one of the first cytokines identified among the autocrine/paracrine factors produced by OCLs that stimulated OCL formation (2). TGF-β is also produced by OCLs and can inhibit OCL activity (3). We have also identified and cloned a novel factor secreted by OCLs (OIP-1) that blocks OCL formation and bone resorption (4). Recently, Takahashi et al. (5), using an expression cloning approach, identified annexin II (AXII) as an OCL-secreted product that stimulates human and murine OCL formation and can also enhance the stimulatory effects of suboptimal concentrations of 1,25-(OH) 2 D 3 on OCL formation in marrow cultures and on bone resorption in long bones of fetal rats. Others have shown that rabbit OCL activity is inhibited by neutralizing antibodies to AXII (6). However, the mechanisms responsible for the stimulatory effects of AXII on OCL activity are unclear.
Introduction
The osteoclast (OCL), the primary cell responsible for bone resorption, is under control of several factors that regulate its formation and/or activation. These factors can be systemic, such as 1,25-(OH) 2 D 3 , calcitonin, and parathyroid hormone (PTH); or can be produced locally, such as IL-6 and RANK ligand (1) , by cells in the bone microenvironment such as osteoblasts, stromal cells, and immune cells (1) . Recently, we and others have demonstrated that the OCL secretes factors that enhance or inhibit OCL formation and/or activation. IL-6 was one of the first cytokines identified among the autocrine/paracrine factors produced by OCLs that stimulated OCL formation (2) . TGF-β is also produced by OCLs and can inhibit OCL activity (3) . We have also identified and cloned a novel factor secreted by OCLs (OIP-1) that blocks OCL formation and bone resorption (4) . Recently, Takahashi et al. (5) , using an expression cloning approach, identified annexin II (AXII) as an OCL-secreted product that stimulates human and murine OCL formation and can also enhance the stimulatory effects of suboptimal concentrations of 1,25-(OH) 2 D 3 on OCL formation in marrow cultures and on bone resorption in long bones of fetal rats. Others have shown that rabbit OCL activity is inhibited by neutralizing antibodies to AXII (6) . However, the mechanisms responsible for the stimulatory effects of AXII on OCL activity are unclear.
Until recently, AXII was considered an intracellular or a membrane protein that played a role in cell-cell adhesion and plasminogen activation and acted as a cell surface receptor (7) . Nesbitt andHorton (6) proposed that intracellular AXII in the OCL was involved in the clearance of matrix protein degraded by OCLs by acting as a binding protein. However, this mechanism does not explain the actions of secreted AXII on OCL formation.
OCLs are multinucleated cells that share a common ancestor with monocytes/macrophages and CFU-GM, the granulocyte-macrophage colony-forming cell. CFU-GM proliferate and differentiate under the influence of osteoclastogenic factors and fuse to form multinucleated OCLs that finally are activated to resorb bone (1) . Osteotrophic factors enhance OCL formation by expanding the OCL precursor pool through cell proliferation (e.g., GM-CSF or IL-6), fusion of precursors [e.g., PTH and 1,25-(OH) 2 D 3 ], or both (e.g., IL-1) (8) . These effects could be direct, such as GM-CSF, or through induction of a second secreted factor, as with PTH, whose stimulatory effects are through the induction of RANK ligand (9) . In this report, we demonstrate that AXII increases OCL formation by enhancing proliferation of CFU-GM. This is accomplished through induction of GM-CSF expression by CD4 + T cells. The effects of AXII appear to be receptor mediated through a putative cell surface receptor.
Methods
Material. Recombinant human GM-CSF (hGM-CSF) was purchased from Immunex (Seattle, Washington, USA). The 1,25-(OH) 2 D 3 was a generous gift from Milan Uskokovic (Hoffman La Roche Inc., Nutley, New Jersey, USA). The 23c6 mAb that identifies human OCLs was provided by Michael Horton (St. Bartholomew's Hospital, London, United Kingdom). Highly purified bovine lung AXII was purchased from BIODESIGN International (Kennebunk, Maine, USA). Neutralizing mAb to GM-CSF was purchased from R&D Systems Inc. (Minneapolis, Minnesota, USA).
Human bone marrow cultures. After obtaining informed consent, 2 mL of bone marrow was aspirated from the posterior superior iliac crest of healthy normal volunteers into a 20-mL syringe containing 1 mL of α-MEM and 1,000 U/mL of preservative-free heparin. The bone marrow was then processed as described previously (10) . Briefly, the mononuclear cell fraction was obtained by density gradient centrifugation over Ficoll-Hypaque, and the mononuclear cells were incubated in α-MEM/20% FCS at 5 × 10 6 cells/mL overnight at 37°C in 100-mm tissue culture plates (Fisher Scientific, Houston, Texas, USA) to deplete adherent cells. The bone marrow nonadherent mononuclear cells were collected and used for cultures of immature mononuclear OCL precursors (CFU-GM) and formation of OCL-like multinucleated cells, as described previously (11) (12) (13) (14) . These studies were approved by the Institutional Review Board of the University of Texas Health Science Center at San Antonio.
In brief, CFU-GM colonies were formed by culturing 10 5 nonadherent mononuclear marrow cells per milliliter in methylcellulose in 35-mm tissue culture plates (Fisher Scientific). AXII (0-100 ng/mL) was added to the cultures in the presence or absence of 50-100 pg/mL hGM-CSF. The number of colonies (40 or more cells) were scored after 14 days of culture.
OCL-like multinucleated cells were formed by culturing 10 5 nonadherent bone marrow mononuclear cells in 0.1 mL of α-MEM/20% horse serum for 3 weeks in 96-well plates (Fisher Scientific). Half the media was changed weekly. Cells were incubated with either 100 ng/mL AXII, 10 -8 M 1,25-(OH) 2 D 3 , or media alone for 1, 2, or 3 weeks. After 3 weeks, the cultures were fixed and then stained with the 23c6 anti-vitronectin receptor mAb, which identifies multinucleated cells that express calcitonin receptors and form resorption lacunae on calcified matrices, as described previously (14) . Cells that contained 3 or more nuclei and reacted with the 23c6 antibody were scored as OCLlike multinucleated cells. To determine the average number of nuclei per multinucleated cell, the number of nuclei in 100 random multinucleated cells per culture were scored in 3 independent experiments.
Autoradiography. Human marrow nonadherent mononuclear cells (5 × 10 5 per well) were cultured in the presence or absence of 100 ng/mL AXII in 4-well LabTek chamber slides (Nalge Nunc International, Naperville, Illinois, USA). [ 3 H]thymidine (0.5 mCi/mL) was added to the cells for 48 hours and then replaced with fresh media that did not contain [ 3 H]thymidine; cells were incubated for 3 weeks as described previously (15) . The cells were then fixed in glutaraldehyde for 15 minutes, stained for tartrate-resistant acid phosphatase (TRAP) using a commercially available kit (Sigma Chemical Co., St. Louis, Missouri, USA), and then processed for autoradiography as described by Takahashi et al. (16) . Results are expressed as the number of labeled nuclei in multinucleated cells containing 1 or more labeled nuclei and as the number of labeled nuclei in OCL-like multinucleated cells (assessed from the first 100 multinucleated cells).
Expression of AXII mRNA in OCL-like cells. The EcoRI fragment of the AXII cDNA was excised from the pcDNA1 and subcloned into pBluescript II KS + (Stratagene, La Jolla, California, USA). We prepared 35 S-labeled RNA probes with T7 and T3 RNA polymerase. After ethanol precipitation, the probes were degraded into small fragments (∼150 bp) in 0.1 M sodium carbonate buffer (pH 10.2) for 30 minutes. Highly purified OCLlike giant cells from human giant cell tumors were prepared as described previously (2) and were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3) in 8-well chamber slides. The slides were rinsed in 4× SSC and then prehybridized in 2× SSC containing 50% formamide at 50°C for 3 hours. Antisense or sense RNA probes were added with the hybridization buffer (50% formamide, 2× SSC, 1 µg/mL tRNA, and 10% dextran sulfate) at a concentration of 10 4 dpm/µL and hybridized for 24 hours at 42°C. The slides were then washed, dipped in autoradiographic emulsion NR-M2 (Konica, Tokyo, Japan), exposed for 7 days, and developed.
Effect of anti-GM-CSF on the stimulating effect of AXII on OCL formation. To examine the possible role of GM-CSF as mediator for the effect of AXII, different concentrations of a neutralizing polyclonal anti-GM-CSF (R&D Systems Inc.) or control rabbit IgG were added to the bone marrow culture in the presence of at the times indicated. Semiquantitative RT-PCR was performed using specific primers for AXII as described in Methods. β-actin was used as internal control for amount of RNA isolated and the integrity of the RNA. Effect of AXII on GM-CSF expression. To determine if AXII can regulate GM-CSF expression, GM-CSF concentrations were determined at the protein and mRNA levels in human marrow cultures treated with or without 200 ng/mL of AXII for 48 hours. GM-CSF protein concentration was determined using an ELISA kit following the manufacturer's protocol (Genzyme Pharmaceuticals, Cambridge, Massachusetts, USA). For GM-CSF mRNA levels, semiquantitative RT-PCR was performed as follows: RNA was reverse transcribed using Maloney virus reverse transcriptase, and 5 µL from each reaction was amplified using 5′-AGCCCTGGGAGCATGTGAAT-3′ (85-102 bp) as the sense primer and 5′-GTTGCACAGGAAGTTTCCGG-3′ (344-325 bp) as the antisense primer (GenBank accession no. M10663). The parameters for PCR were as follows: 94°C for 1 minute, 60°C for 1 minute, and 60°C for 7 minutes as the final step. Different numbers of cycles were used to quantify the amount of GM-CSF mRNA expressed. To monitor the amount of RNA in each reaction, β-actin mRNA expression was used. In each reaction, 0.5 µL of [ 32 P]dCTP (3,000 Ci/mmol) was added. Nondenaturing PAGE (5%) was used for separation of PCR products, and the bands were quantified by autoradiography.
Effect of 1,25-(OH) 2 D 3 on AXII expression during OCL differentiation. AXII mRNA expression was evaluated in early human OCL precursors, more differentiated OCL precursors, and mature OCLlike cells, as described previously (14) . RNA was extracted from highly purified populations of each cell type, and RT-PCR was performed using AXII-specific primers (GenBank accession no. M14043): 5′-GCTTCCTTCGAATTCAATGTC-TACTGTTCAC-3′ (corresponding to +38-64 bp of the sequence) for sense and 5′-GCCCCTTCATGGAAGCTTTTAGCTCAGAAG-3′ (corresponding to +381-410 bp of the sequence) for antisense. To monitor the amount of RNA, β-actin mRNA expression was used. PCR products were separated in 2% agarose gels and quantitated as described previously (17) .
Fluorescence labeling of AXII. AXII was conjugated to NHSfluorescein using the NHS-Fluorescein Labeling Kit (Pierce Chemical Co., Rockford, Illinois, USA) according to the manufacturer's instructions. Briefly, 100 µg of AXII (BIODESIGN International) was dissolved in 100 µL of 50 mM bicarbonate buffer (pH 8.5). NHS-fluorescein (0.1 mg in 200 µL of DMSO) was admixed with AXII, and coupling was continued for 2 hours at 4°C in the dark. Untreated NHS-fluorescein was removed using molecular size filtration by adding 0.1 M phosphate buffer (pH 7.0) to the reaction mixture, followed by concentration of the fluorescent AXII conjugate using a Centricon-30 microconcentrator (Millipore Corp., Danvers, Massachusetts, USA).
Binding of AXII-fluorescein to PSV10 stromal cells. PSV10 cells, a human marrow stromal cell line that supports OCL formation (18) , were cultured in T75 flasks in α-MEM culture medium containing 10% FCS (both from GIBCO BRL, Grand Island, New York, USA), and the cells were detached from plastic by scraping, washed 2 times with PBS, and resuspended to 10 6 cells/mL in PBS. Aliquots of 10 5 cells per tube were incubated with increasing amounts of AXII-fluorescein (0-4 µg/mL). Ten microliters of 10× CaCl 2 -containing annexin-binding buffer (CLONTECH Laboratories Inc., Palo Alto, California, USA) was admixed to each tube, and binding was continued for 30 minutes at 4°C. Unbound AXII was removed by centrifugation, and the amount of bound AXII-fluorescein was determined by flow cytometry (FACStar Plus; Becton Dickinson Immunocytometry Systems, San Jose, California, USA). Analysis of fluorescence intensity and peak mean channel (PMC) was determined using CellQuest software (Becton Dickinson Immunocytometry Systems). Fifty thousand cells were analyzed. To test the requirement of Ca 2+ for binding AXII, the binding buffer (containing Ca 2+ ) was omitted. To test the specificity of AXII binding, unlabeled AXII (2.5 µg) was added first to the cells, and the incubation was continued for 10 minutes at 4°C, after which 0.5 µg of AXII-fluorescein was added for 30 minutes at 4°C.
Sorting of T cells and binding of AXII-fluorescein to flow-sorted T cells.
Bone marrow mononuclear cells were prepared as described above and washed 3 times with α-MEM culture medium containing 20% FCS. Cells were resuspended at 2 × 10 6 cells/mL in the same media and were allowed to adhere to plastic in T75 flasks for 4-16 hours to remove monocytes. The monocyte-depleted fraction was collected and stained with either anti-CD3 -PE (for purification of T cells), anti-CD4 -PE, or anti-CD8 -PE (for purification of Tcell subsets). All antibodies were from Becton Dickinson Immunocytometry Systems and were used at 10 µL/10 6 cells in 0.1 mL PBS + 1% BSA. Tubes were incubated for 30 minutes at 4°C. Unbound antibody was removed by centrifugation. Cells were sorted using the FACStar Plus cell sorter, and an aliquot of each fraction was reanalyzed to determine its purity. Purified T cells or T-cell subset aliquots of 100,000 cells per tube were incubated with increasing amounts of AXII-fluorescein (0-4 µg/mL). Ten microliters of 10× binding buffer (containing CaCl 2 ) was admixed to each tube, and binding continued for 30 minutes at 4°C. Dependency of AXII binding on Ca 2+ , the specificity of binding, and analysis of the results were determined as described above for PSV10 cells. Statistical analysis. Results, expressed as mean ± SEM, were calculated. Differences between treatment groups were analyzed by a two-way ANOVA for repeated measures. Differences were considered significant for P < 0.05.
Results

AXII mRNA expression during OCL precursor differentiation.
We previously cloned AXII from a cDNA library prepared from highly purified OCL-like cells (5) and wanted to determine when AXII was expressed during OCL precursor differentiation. As shown in Figure 1a , AXII transcripts were induced by 1,25-(OH) 2 D 3 in early OCL precursors (CFU-GM) after 24 hours, and AXII expression was sustained during the later stages of OCL precursor differentiation. We confirmed that AXII was also expressed in OCL-like multinucleated cells formed in human marrow cultures, as shown by RT-PCR analysis of AXII mRNA expression by highly purified multinucleated cells and by freshly isolated OCL-like giant cells from human osteoclastomas by in situ hybridization (Figure 1b) .
Effects of AXII on OCL formation. We have previously shown that AXII increases OCL-like cell formation in both human and murine marrow cultures (5) . Therefore, to characterize the time course for the effects of AXII on OCL formation, human bone marrow cultures were treated with AXII for varying time periods. As shown in Figure 2 , AXII increased OCL-like multinucleated cell formation in human bone marrow cultures. However, the stimulating effects of AXII occurred only if AXII was present during the first week of culture. No increase in OCL formation was observed if AXII was added only during the second or third week of culture ( Figure 2 ). These results suggested that AXII affected the proliferative stage of OCL precursors.
To confirm that AXII was stimulating proliferation of precursors for OCL-like multinucleated cells, [ 3 H]thymidine incorporation studies were performed. These data showed that treatment of cultures with AXII (100 ng/mL) significantly increased the number of multinucleated cells per culture (Figure 3a) (Table 1) , as well as the percentage of multinucleated cells containing labeled nuclei (Figure 3b ) and total number of labeled nuclei in multi-
1608
The Journal of Clinical Investigation | June 1999 | Volume 103 | Number 11 
Figure 4
Effect of AXII on CFU-GM colony formation. Human bone marrow mononuclear cells (10 5 cells/mL) were cultured in 35-mm plates in α-MEM with 30% FCS in methylcellulose. Varying concentrations of AXII (0-100 ng/mL) were added to the cultures in the presence of 100 pg/mL hGM-CSF. CFU-GM-derived colonies that are composed of 40 or more cells were counted. Results are expressed as the mean ± SEM for 4 cultures from a typical experiment. Similar results were seen in 3 independent experiments. *P < 0.05, significantly different from cultures treated with 100 pg/mL GM-CSF alone.
nucleated cells ( We then determined if the increase in OCL precursor proliferation by AXII was due to enhanced growth of CFU-GM, the earliest identifiable OCL precursor. AXII was added to marrow cultures treated with GM-CSF, and the number of CFU-GM colonies formed was determined. AXII significantly increased CFU-GM colony formation in methyl cellulose cultures treated with low doses of GM-CSF in a dose-dependent manner (Figure 4) . Addition of AXII to methyl cellulose cultures treated with maximum stimulatory doses of GM-CSF (1 ng/mL) did not further enhance CFU-GM colony formation (data not shown). These data suggest that AXII's effects on CFU-GM growth may result from induction of GM-CSF.
Effects of GM-CSF neutralization on the stimulating effects of AXII on OCL formation.
To assess further if GM-CSF was mediating the stimulatory effects of AXII on OCL formation, human bone marrow cultures were treated with AXII (100 ng/mL) in the presence or absence of different concentrations of a neutralizing antibody against GM-CSF. As shown in Figure 5a , the stimulatory effects of AXII on OCL formation were blocked by addition of a neutralizing antibody to GM-CSF. This effect was dose dependent and significant at 0.1-1 µg/mL of antibody. In contrast, anti-GM-CSF did not affect OCL formation stimulated by 1,25-(OH) 2 D 3 ( Figure 5b ). These results demonstrated that the anti-GM-CSF was not toxic to the cultures, and suggested that GM-CSF mediated the effects of AXII on OCL formation.
Effects of AXII on GM-CSF expression. Because the effects of AXII were blocked by a neutralizing antibody to GM-CSF, we then determined if AXII upregulated GM-CSF gene expression or simply induced release of GM-CSF. For this purpose, GM-CSF levels were determined in the conditioned media of human bone marrow cultures. As determined by ELISA, GM-CSF levels were increased in AXII-treated cultures (250 ± 30 pg/mL/2.5 × 10 5 cells; mean ± SEM) compared with control cultures (<10 
Figure 6
Effects of AXII on GM-CSF mRNA expression in human bone marrow cultures. Total RNA was extracted from human bone marrow cultures treated with or without 100 ng/mL of AXII for 48 hours. GM-CSF mRNA expression was measured by RT-PCR using specific primers as described. β-actin was used as control for the amount and integrity of the RNA isolated. In parallel experiments, conditioned media were collected and used to quantify GM-CSF protein levels by ELISA, following the manufacturer's protocol. pg/mL/2.5 × 10 5 cells; mean ± SEM). Semiquantitative RT-PCR demonstrated that AXII also upregulated GM-CSF mRNA expression. As shown in Figure 6 , 48-hour exposure of nonadherent bone marrow cultures to AXII increased GM-CSF mRNA expression more than 3-fold above control values after normalization for β-actin (determined by densitometry of data presented in Figure  6 during the log phase of the PCR reaction).
AXII expression by cells in the bone marrow microenvironment. To determine if other cells expressed AXII in the marrow microenvironment, Northern blot analysis was performed with different types of hematopoietic and nonhematopoietic cells. As shown in Figure 7 , AXII was highly expressed in stromal and osteoblast cell lines. However, it was expressed at lower levels -or not expressed at all -in cells exhibiting monocyte-macrophage characteristics, such as HL-60 cells (none detected) or U937 cells.
Effect of AXII on GM-CSF expression in stromal cells and T cells.
To identify the cellular target in bone marrow for the induction of GM-CSF by AXII, Saka and PSV10 cells, which are human marrow stromal cell lines derived from normal volunteers and Paget's disease patients, respectively, were treated with 100 ng/mL of AXII for 48 hours. In parallel experiments, highly purified (∼90%) T cells were also used as targets. Semiquantitative RT-PCR analysis showed that AXII induced GM-CSF mRNA expression in T cells (Figure 8 ) but did not increase the already high expression levels of GM-CSF by stromal cells (data not shown).
Binding of AXII to T cells and marrow stromal cells. Because AXII enhanced GM-CSF expression in T cells, FACS analysis was used to determine if T cells and stromal cells expressed a putative AXII receptor. The PMC for the fluorescence intensity was used to estimate the number of putative AXII receptor molecules on the surface of cells. CD3 + T cells were purified by flow sorting using a FACStar Plus cell sorter. A T-cell fraction with >97% T cells was obtained (Figure 9a ). The T cell-negative fraction was also sorted, with a purity of >99% (Figure 9b) . Titration of AXIIfluorescein binding to the flow-sorted CD3 + and CD3 -cells is depicted in Figure 9c . The results indicate a linear binding of AXII to CD3 + cells between 0.1 and 0.5 µg/mL, with a saturation between 0.5 and 1 µg/mL. Omitting calcium from the binding assay resulted in a ∼40% decrease in the binding of AXII-fluorescein to T cells. Furthermore, a 5-fold excess of unlabeled AXII effectively competed (>50% decrease) for the binding of AXII-fluorescein to T cells. In contrast to the CD3 + cell fraction, the CD3 -cell fraction did not bind AXII-fluorescein (Figure 9c) .
To characterize further the T-cell subset that bound AXII, CD4 + and CD8 + T cells were sorted to a purity of 90% and 93%, respectively (data not shown), and we tested the binding of each subpopulation of T cells to AXII. The results are summarized in Figure 10 . CD4 + T cells bound AXII-fluorescein between 0.1 and 0.5 µg/mL, with a maximum at 18 PMC, and was competed (40%) by unlabeled AXII. In contrast, CD8 + cells did not bind AXII-fluorescein ( Figure 10 ).
Marrow stromal cells also expressed a putative AXII receptor. Figure 11 depicts a titration curve for AXII-fluorescein binding to PSV10 cells between 0 and 1 µg/mL. Linear binding of AXII was observed in the range of 0.1-0.25 µg/mL, assuming a 100% efficiency of conjugation of AXII to fluorescein. Under our experimental conditions, complete saturation was observed at ∼0.7 µg/mL. Binding of AXII-fluorescein to PSV10 cells was reduced to 35% in the absence of calcium and was effectively competed (>50%) by a 5-fold excess of unlabeled AXII ( Figure 11 ). The fluorescence intensity was about 1 log higher in the PSV10 cells than in T cells, suggesting a smaller number of AXII receptors per cell on T cells compared with the number of receptors per cell on PSV10 cells. However, correcting for the size difference between the 2 cell types (7 µm and 20 µm in diameter), the density per surface area was approximately equal.
Discussion
The OCL secretes factors that can regulate its own formation and/or activation (1) . In addition to IL-6, AXII, a calcium-dependent phospholipid-binding protein, was
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Figure 7
Northern blot analyses for expression of AXII mRNA. Northern blot analysis of AXII mRNA was performed using multiple cell lines, and the blot was probed with a 32 P-labeled AXII cDNA probe or a β-actin probe, as described in Methods.
Figure 8
Effects of AXII on GM-CSF gene expression in T cells. GM-CSF expression was assessed by RT-PCR analysis using total RNA isolated from T cells incubated with or without 0-1 µg/mL of AXII. Different cycles of PCR were used as described. β-actin was used as control for the integrity and amount of RNA in each sample. Densitometry analysis was performed to compare the expression levels of GM-CSF.
identified as a secreted stimulator of OCL formation and activation (5 Other cells in the bone microenvironment express AXII, including stromal cells and osteoblasts. These data suggest that AXII may have both autocrine and paracrine effects on OCL formation and activation. Such a possibility is supported by studies by Nesbitt and Horton (6), who demonstrated that AXII plays a role in the clearance of degraded bone matrix by OCLs. These authors suggested that AXII binds the degraded matrix protein and carries it across the cell in order for the degraded matrix to be released on the opposite side of the bone-resorbing surface.
In this report, we examined the mechanism(s) by which AXII, as a soluble extracellular protein, increases OCL formation. During OCL formation, OCL precursors undergo several stages of differentiation until they become multinucleated bone-resorbing OCLs. During early stages of OCL precursor differentiation, the cells proliferate in response to factors such as IL-6 and GM-CSF, thereby increasing the OCL precursor pool for subsequent OCL formation (1) . This proliferative phase is followed by a terminal differentiation and fusion phase leading to formation of multinucleated cells (14) . Factors such as RANK ligand act predominantly at this later stage of OCL precursor differentiation (1) .
Our data suggest that AXII acts at the proliferative stage of OCL precursor differentiation. This conclusion is based on the following results. First, the stimulating effect of AXII on OCL formation occurred during the early stages of the bone marrow culture (week 1). In contrast, no significant effect of AXII was observed when it was added during the later stages of the cultures. Second, AXII was able to increase the number of labeled nuclei per OCL-like multinucleated cell, further suggesting that it was enhancing OCL precursor proliferation. Third, AXII enhanced the effects of GM-CSF on the growth of CFU-GM, the earliest identifiable OCL precursor (14) . Taken together, these data suggested that AXII enhanced the proliferation of early OCL precursors. Our results do not support the possibility that the stimulating effect of AXII was partly due to increasing the cell fusion rate of more mature OCL precursors, because no effect was seen when AXII was added to highly purified OCL late precursors, which are postmitotic cells (14) (data not shown). Consistent with these results was the fact that there was no increase in the average number of nuclei per multinucleated cell, an indirect measure of the fusion rate of OCL precursors (19) .
We then examined how AXII increased the proliferation of OCL precursors. As noted above, AXII enhanced the effects of GM-CSF on CFU-GM colony formation. AXII by itself had no effect on CFU-GM growth, suggesting that it was not by itself a colony-stimulating factor, but could induce GM-CSF production in marrow cultures. Consistent with this possibility are our findings that neutralizing antibodies to GM-CSF blocked the stimulatory effects of AXII on OCL formation in a dose-dependent manner. Furthermore, AXII induced GM-CSF production in bone marrow cultures, as determined by ELISA. RT-PCR analysis showed that this increase in GM-CSF was due, in part, to the increase in levels of GM-CSF mRNA.
We then determined which of the cell types present in these marrow cultures may be producing GM-CSF in response to AXII. GM-CSF is secreted by activated T cells (20) , activated macrophages (21) , and endothelial cells (22) , and it is also expressed by osteoblastic-like marrow stromal cells (20) (21) (22) (23) . Therefore, because T cells and stromal cells are present in the microenvironment of OCL precursors, we determined if AXII was able to induce GM-CSF expression in a human stromal cell line and highly purified T cells. As shown in Figure 6 , AXII increased GM-
Figure 9
Binding of AXII to CD3 + cells. Sorting was performed as described in Methods. The purity of each sorted fraction, CD3 + (a) and CD3 -(b), was determined by analysis of the histogram. Binding of AXII and analyses were performed as described in Methods. Two independent experiments were performed and very similar results were obtained. Binding values were based on 100% conjugation of fluorescein to AXII. Ten thousand cells were analyzed. (c) Binding of AXII to CD3 + cells and CD3 -cells.
Figure 10
Analysis of AXII binding to flow-sorted CD4 + and CD8 + T-cell subsets. Sorting of bone marrow-derived T-cell subsets was performed as described in Methods. The purity of each sorted fraction (CD4 + , CD8 + ) was determined by analysis of histograms, as was done for the CD3 + fraction. AXII-fluorescein binding and AXII competition assays were performed as described above for CD3 + (a) or CD3 -(b) bone marrow cells. Ten thousand cells were analyzed. Results are reported as the percent change in fluorescence when the cells were exposed to AXII fluorescein. Basal fluorescence was assigned as 100% to permit comparisons of the 2 T-cell subpopulations. Three independent experiments were performed and very similar results were obtained.
Figure 11
AXII binding to PSV10 cells. Cells (10 5 /0.1 mL of PBS) were used for each analysis, and 10,000 cells were collected and analyzed as described in Figure 9 . Four experiments were performed and 1 typical experiment is shown. Binding values are based on the assumption of 100% conjugation of fluorescein to AXII.
